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The prostaglandin E2 (PGE2) G protein-coupled receptor
(GPCR), EP2, plays important roles in mouse skin tumor de-
velopment (Chun, K. S., Lao, H. C., Trempus, C. S., Okada, M.,
and Langenbach, R. (2009) Carcinogenesis 30, 1620–1627).
Because keratinocyte proliferation is essential for skin tumor
development, EP2-mediated signaling pathways that contrib-
ute to keratinocyte proliferation were investigated. A single
topical application of the EP2 agonist, butaprost, dose-depen-
dently increased keratinocyte replication via activation of epi-
dermal growth factor receptor (EGFR) and PKA signaling. Be-
cause GPCR-mediated activation of EGFR can involve the
formation of a GPCR-�-arrestin-Src signaling complex, the
possibility of a �-arrestin1-Src complex contributing to EP2-
mediated signaling in keratinocytes was investigated. Butap-
rost induced �-arrestin1-Src complex formation and increased
both Src and EGFR activation. A role for �-arrestin1 in EP2-
mediated Src and EGFR activation was demonstrated by the
observation that �-arrestin1 deficiency significantly reduced
Src and EGFR activation. In agreement with a �-arrestin1-Src
complex contributing to EGFR activation, Src and EGFR inhi-
bition (PP2 and AG1478, respectively) indicated that Src was
upstream of EGFR. Butaprost also induced the activation of
Akt, ERK1/2, and STAT3, and both �-arrestin1 deficiency and
EGFR inhibition (AG1478 or gefitinib) decreased their activa-
tion. In addition to �-arrestin1-dependent EGFR activation,
butaprost increased PKA activation, as measured by phospho-
GSK3� (p-GSK3�) and p-cAMP-response element-binding
protein formation. PKA inhibition (H89 or RP-adenosine-
3�,5�-cyclic monophosphorothioate (RP-cAMPS)) decreased
butaprost-induced cAMP-response element-binding protein
and ERK activation but did not affect EGFR activation,
whereas �-arrestin1 deficiency decreased EGFR activation but
did not affect butaprost-induced PKA activation, thus indicat-
ing that they were independent EP2-mediated pathways.
Therefore, the results indicate that EP2 contributed to mouse
keratinocyte proliferation by G protein-independent, �-arres-
tin1-dependent activation of EGFR and G protein-dependent
activation of PKA.

The prostaglandins (PGs)2 generated via the cyclooxygen-
ases (COX-1 and COX-2) are known to have roles both in the
maintenance of normal physiology and in various pathological
conditions (1). In mouse skin, for example, PGE2 is the major
PG produced and contributes to keratinocyte replication and
skin tumor formation (2–4). However, the mechanisms by
which PGs contribute to these processes are only beginning to
be resolved. The biological activities of PGE2 are mediated
through the interaction with four G protein-coupled recep-
tors (GPCRs): EP1, EP2, EP3, and EP4 (5, 6). These receptors
differ in their PGE2 binding affinities and the downstream
signaling pathways activated. Early studies indicated that EP1
and EP3 couple to G�q to activate Ca2� signaling and G�i to
inhibit adenylyl cyclase, respectively, whereas EP2 and EP4
couple to G�s to stimulate adenylyl cyclase (6, 7). Further-
more, data derived from EP knock-out and EP-overexpressing
mice as well as receptor-specific agonists and antagonists in-
dicated important roles for EP2 in the formation and growth
of several tumor types, including skin tumors (8–13).
Classically, GPCRs were thought to activate only G protein-

mediated pathways, and it was thought that G protein-depen-
dent signaling was regulated by receptor internalization/de-
sensitization following the formation of a complex with
�-arrestin1 or -2 (14, 15). However, more recent studies have
indicated that the GPCR-�-arrestin complex can activate G
protein-independent signaling pathways (16, 17). GPCR-�-
arrestin complexes function as scaffolds for the binding/acti-
vation of signaling effectors that include PI3K, Ras, and
ERK1/2 (17–19). Furthermore, subsequent studies demon-
strated that Src was a component of the GPCR-�-arrestin
complex and that the binding/activation of Src facilitated
GPCR-�-arrestin-mediated signaling, including the transacti-
vation of epidermal growth factor receptor (EGFR) (16, 17).
For the PGE2 receptors, EP2 and EP4, most studies have

focused on their ability to activate G protein-dependent sig-
naling pathways. Early studies by Regan and colleagues (6, 7)
demonstrated that PGE2 stimulation of EP2 and EP4 activated
adenylate cyclase with the subsequent activation of PKA and
downstream effectors such as cAMP-response element-bind-
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ing protein (CREB) and glycogen synthase kinase 3� (GSK3�),
although a PI3K/Akt pathway appeared to be a major pathway
for EP4. Donnini et al. (20) reported that the EP2 agonist,
butaprost, stimulated PKA and Src activation in cultured cells
and that both activated PKA and Src contributed to EGFR
activation, although a pathway for Src activation was not de-
scribed. In genetically modified mice, EP2 overexpression in-
creased (12) and EP2 deficiency decreased (11, 13) PKA acti-
vation and mouse skin tumor formation.
Only a limited number of studies have investigated the abil-

ities of EP2 and EP4 to complex with and/or signal via �-ar-
restin-dependent mechanisms. Furthermore, initial studies
investigating the interactions of EP2 and EP4 with the �-ar-
restins concluded that EP4, but not EP2, could be desensi-
tized/internalized following PGE2 stimulation (21, 22), sug-
gesting that the EP2 was unable to form a functional complex
with the �-arrestins. To date, the only PGE2 receptor re-
ported to form a signaling complex with a �-arrestin is EP4,
and these studies indicated that the EP4-�-arrestin1 complex
resulted in Src (23) and Src-EGFR (24) activation. Although
early studies indicated that EP2 was not internalized by PGE2
stimulation (21, 22), we recently reported that EP2 could form
a complex with �-arrestin1 and Src in mouse skin and papil-
lomas following ligand stimulation of EP2. However, our data
did not allow us to determine whether the EP2-�-arrestin1-
Src complex contributed to signaling or was only a mecha-
nism for EP2 desensitization (13).
In the present study, we provide evidence that ligand

(butaprost) stimulation of EP2 in mouse skin leads to the
formation of a �-arrestin1-Src complex that contributes to
the transactivation of EGFR. The contribution of �-arres-
tin1 to EP2-mediated signaling was obtained by comparing
the abilities of butaprost-treated WT and �-arrestin1-defi-
cient mice (25) with activated Src-EGFR and the down-
stream effectors: ERK, Akt, and STAT3. In addition, the
data indicate that butaprost stimulation of EP2 also leads
to G protein-dependent activation of PKA and the down-
stream effectors: CREB and GSK3�. Furthermore, by using
EGFR and PKA pathway-selective inhibitors, we demon-
strate that both �-arrestin1-dependent EGFR activation
and G protein-dependent PKA activation contribute to
keratinocyte replication in vivo. Thus, EP2-mediated sig-
naling induces keratinocyte replication via both G protein-
dependent activation of PKA and G protein-independent,
�-arrestin1-dependent activation of EGFR.

EXPERIMENTAL PROCEDURES

Materials—PGE2 and butaprost, a highly selective agonist
for EP2 (5), were obtained from Cayman Chemical (Ann Ar-
bor, MI). Bromodeoxyuridine (BrdU) was purchased from GE
Healthcare. PP2 was purchased from Alexis Biochemicals
(San Diego, CA). AG1478 and H89 were obtained from Cal-
biochem and Santa Cruz Biotechnology (Santa Cruz, CA).
RP-cAMPS and gefitinib were purchased from Tocris Bio-
science (Ellisville, MO).
Animals—Female CD-1 mice were obtained from Charles

River Laboratories (Wilmington, MA) and were used at 6
weeks of age. �-Arrestin1�/� mice (25) were obtained from

Dr. Lefkowitz (Duke University Medical Center, Durham,
NC) and maintained on a C57Bl6 background. Six-week-old
CD-1 or �-arrestin1 WT and deficient mice were shaved 2
days before a single treatment with butaprost or PGE2 in 200
�l of acetone. The inhibitors, AG1478, gefitinib, H89,
RP-cAMPS, and PP2, were applied as described in the legends
for Figs. 1–3 and 5 for the individual experiments. Mice were
housed in the animal husbandry facilities of the NIEHS/
National Institutes of Health according to the Association for
the Assessment and Accreditation of Laboratory Animal Care
guidelines. All studies were approved by the NIEHS Animal
Care and Use Committee. Food and water were provided ad
libitum.
BrdU Incorporation—The mice were euthanized 24 h after

butaprost or PGE2 treatment, and BrdU (200 �l of 10 mM

BrdU solution per mouse) was injected i.p. 1 h before sacri-
fice. The dorsal skin was removed, fixed in formalin, and pro-
cessed for paraffin embedding and immunohistochemical
staining with a monoclonal rat anti-BrdU antibody (BD Bio-
sciences). BrdU-positive and BrdU-negative basal cells were
counted in five randomly selected areas of each skin section,
and the mean percentage of BrdU-positive cells for each treat-
ment group was determined.
cAMP Immunoassay—cAMP measurement was carried out

as described previously (26) using a kit from BioVision
(Mountain View, CA). Samples (100 �g of protein) were
added to the protein A-coated 96-well plates, and incubations
were carried out with a cAMP antibody for 1 h at room tem-
perature. cAMP conjugated with horseradish peroxidase was
added to the sample mixture, and the immunoassay was con-
ducted per the supplier’s instructions. The reactions were
terminated by the addition of 1.0 N HCl, and the A450 nm was
determined. Calculations were based on a standard curve for
each experiment.
Western Blot Analysis—For isolation of protein from mouse

skin, the dorsal skin was excised and immediately placed in
liquid nitrogen and pulverized with a mortar and pestle. The
pulverized skin was homogenized at 4 °C with a Polytron tis-
sue homogenizer in 0.5 ml of 1� cell lysis buffer (Cell Signal-
ing Technology, Danvers, MA) containing 1 mM phenylmeth-
ylsulfonyl fluoride. Lysates were centrifuged at 12,000 � g for
15 min, and supernatants containing 50–80 �g of protein
were boiled in sample loading buffer for 5 min and loaded on
CriterionTM 4–20% Tris-HCl precast gels (Bio-Rad Laborato-
ries). After electrophoresis for 2 h, the proteins were trans-
ferred to PVDF membranes and blocked with 5% nonfat dry
milk-PBST buffer (phosphate-buffered saline containing 0.1%
Tween 20) for 1 h at room temperature. The membranes were
incubated overnight at 4 °C with 1:500–1,000 dilution of the
following antibodies: p-Akt (Ser473), Akt, p-ERK1/2 (Thr202/
Tyr204), ERK1/2, p-STAT3 (Tyr705), STAT3, p-GSK3� (Ser9),
GSK3�, p-CREB (Ser133), and CREB and p-(Ser/Thr) PKA
substrate polyclonal antibodies (Cell Signaling Technology);
EGFR and Src (Santa Cruz Biotechnology); �-arrestin1 (Ab-
cam, Cambridge, MA); and phosphotyrosine (Upstate Biotech
Millipore, Lake Placid, NY). The blots were incubated for 1 h
with 1:5,000 dilution of the horseradish peroxidase-conju-
gated secondary anti-rabbit (Sigma-Aldrich) or anti-mouse
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(Cell Signaling Technology, Beverly, MA) antibody. The
transferred proteins were visualized with an enhanced chemi-
luminescence detection kit (GE Healthcare UK Ltd., Bucking-
hamshire, UK).
Immunoprecipitations—To preclear tissue lysates, superna-

tants were incubated for 1 h with gentle rocking at 4 °C by
adding 1.0 �g of the appropriate control IgG (corresponding
to the host species of the primary antibody) and 20 �l of the
appropriate suspended protein A/G-agarose (Santa Cruz Bio-
technology). Following centrifugation at 1,000 � g for 30 s at
4 °C, the supernatants containing 200 �g protein were trans-
ferred to a microcentrifuge tube, and 1.0 �g primary antibody
was added followed by incubation for 2 h at 4 °C. Twenty �l of
protein A/G-agarose was then added and incubated at 4 °C
overnight with rotation. The immunoprecipitates were col-
lected by centrifugation at 1,000 � g for 30 s at 4 °C, and the
pellet was gently washed four times with 1.0 ml of cell lysis
buffer. After the final wash, the supernatants were discarded,
and the pellets were resuspended in electrophoresis sample
buffer for loading.
Statistical Analysis—Data are expressed as means � S.D.

Statistical significance was determined by the Student’s t test,
and p values �0.05 were considered statistically significant.

RESULTS

PGE2 and the EP2 Agonist, Butaprost, Increased Epidermal
Cell Proliferation—The data in Fig. 1, A and B, show that a
single topical application of butaprost dose-dependently in-
creased epidermal keratinocyte proliferation in the mouse
epidermis by 2.1- and 2.6-fold when BrdU incorporation was
used as a measure of cell replication. When PGE2 was used as
a positive control, a single topical treatment increased BrdU
incorporation by about 2.1-fold (Fig. 1, A and B). Fig. 1A also
shows that BrdU incorporation following PGE2 or butaprost
treatment was primarily located in the basal cells of the epi-
dermis. The selectivity of butaprost for EP2 was shown by the
negligible increase of p-ERK1/2, p-Akt, and p-STAT3 levels in
butaprost-treated EP2�/� mice when compared with EP2�/�

mice (Fig. 1C). Based on the observation that butaprost stimu-
lated epidermal keratinocyte proliferation, EP2-activated sig-
naling pathways that contributed to keratinocyte proliferation
were identified using pathway-specific inhibitors. The data in
Fig. 1D indicate that butaprost-induced BrdU incorporation
was reduced by about 50% by the EGFR inhibitor, AG1478,
and about 60% by the PKA inhibitor, H89. Because both
AG1478 and H89 can inhibit kinases in addition to EGFR and
PKA (27, 28), the effects of additional inhibitors of EGFR and
PKA on keratinocyte replication were determined. In agree-
ment with the effects observed with AG1478 and H89, the
EGFR inhibitor, gefitinib, and the PKA inhibitor, RP-cAMPS,
inhibited keratinocyte replication by about 50 and 68%, re-
spectively. Thus, the inhibitor data indicate important roles
for EGFR and PKA signaling in EP2-stimulated epidermal cell
replication.
Butaprost Induced the Activation of Src and EGFR—Be-

cause the EGFR inhibitors decreased epidermal cell prolifera-
tion (Fig. 1D) and recent studies have shown that PGE2 acti-
vation of Src could mediate the activation of EGFR (29–31),

the ability of butaprost to activate Src and EGFR was investi-
gated. The data in Fig. 2, A and B, indicate that a single topical
application of butaprost dose- and time-dependently in-
creased Src phosphorylation, including phosphorylation at
the activation site, Tyr416 (32). Butaprost also dose- and time-
dependently increased EGFR phosphorylation (Fig. 2, A and
B). The time course data indicate that Src and EGFR were
maximally activated at about 2 h after treatment and that ele-
vated activation was still evident at 24 h after treatment (Fig.
2B). The levels of total Src and EGFR were not altered by
butaprost treatment. The data in Fig. 2C further indicate that
the Src kinase inhibitor, PP2, decreased Src and EGFR phos-
phorylation, whereas the EGFR inhibitor, AG1478, inhibited
EGFR phosphorylation but did not inhibit Src phosphoryla-
tion. These data indicate that activated Src is upstream of
EGFR.

FIGURE 1. EP2 activation increased epidermal proliferation. A, BrdU in-
corporation into epidermal keratinocytes. Six-week-old female CD-1 mice
were treated with acetone, butaprost (50 or 100 nmol), or PGE2 (120 nmol)
for 24 h, and BrdU was injected i.p. 1 h before sacrifice. The skin sections
were immunostained with an antibody against BrdU. Skin sections are
shown at a magnification of 200�. B, number of BrdU-stained cells in the
skin of butaprost- and PGE2-treated mice. *, p � 0.05 versus vehicle-treated
mice. C, butaprost treatment of EP2�/� mice did not significantly increase
the levels of p-Akt, p-STAT3, and p-ERK1/2. WT and EP2�/� mice were pre-
treated topically with acetone or 100 nmol of butaprost and sacrificed 2 h
following butaprost treatment. The phosphorylation status of ERK1/2, Akt,
and STAT3 was determined by Western blot analysis using antibodies for
p-ERK1/2 (Thr202/Tyr204), p-Akt (Ser473), or p-STAT3 (Tyr705). Total EGFR,
ERK1/2, Akt, and STAT3 served as controls for protein loading and mem-
brane transfer. Each lane represents an individual mouse. The intensities of
the bands were determined by densitometry, and the ratios of the activated
to total protein are shown above each lane. The number above each lane
shows the mean -fold intensity from two mice. D, PKA and EGFR inhibitors
suppressed butaprost-induced keratinocyte proliferation. Mice were pre-
treated topically with AG1478 (100 nmol), gefitinib (67 nmol), H89 (500
nmol), or RP-cAMPS (12 nmol) 30 min prior to treatment with 100 nmol of
butaprost and sacrificed 24 h following butaprost treatment. *, p � 0.05
versus mice treated with butaprost alone. In B and D, BrdU-stained cells
were counted in five skin sections from each of five mice. Data are ex-
pressed as the mean � S.D. (n � 5) of the number of stained cells per 100
basal cells in each group.
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Butaprost Induced the Activation of ERK1/2, Akt, and
STAT3—Activated ERK1/2, Akt, and STAT3 are EGFR ef-
fectors known to contribute to cell replication and skin

tumor formation (33–36); therefore, the effect of butaprost
on their activation was investigated. The data in Fig. 3, A
and B, indicate that butaprost increased the activation of
ERK1/2, Akt, and STAT3 in a dose- and time-dependent
manner. Furthermore, because EGFR had been reported to
contribute to the activation of these effectors, the effects of
Src and EGFR inhibition on the activation of ERK, Akt, and
STAT3 were determined. The data in Fig. 3C indicate that
the EGFR inhibitor, AG1478, and the Src inhibitor, PP2,
significantly reduced butaprost-induced phosphorylation
of ERK1/2, Akt, and STAT3. To confirm the contribution
of EGFR to the activation of ERK1/2, Akt, and STAT3, the
effect of the EGFR inhibitor, gefitinib, on their activation
was also determined. The data in Fig. 3D indicate that ge-
fitinib also significantly reduced butaprost-induced phos-
phorylation of EGFR, ERK1/2, Akt, and STAT3. Thus,
these data indicate that EP2-mediated activation of Src and
EGFR contributes to the activation of ERK1/2, Akt, and
STAT3.
Butaprost Induced �-Arrestin1-Src Complex Formation in

Mouse Skin, and �-Arrestin1 Deficiency Decreased the Activa-
tion of Src and EGFR—Because the data in Fig. 2, A–C, indi-
cated that ligand stimulation of EP2 led to the activation of
Src, which then contributed to the activation of EGFR, possi-
ble mechanisms for the activation of Src by EP2 were investi-
gated. Recent studies have indicated that ligand stimulation of
a GPCR can induce the formation of a GPCR-�-arrestin-Src
complex and Src activation (17, 24, 37), and we recently re-
ported the formation of an EP2-�-arrestin1-Src complex in
TPA-EP2 agonist-induced mouse skin papillomas (13). The
Western blot data in Fig. 4, A and B, show that a single treat-
ment of butaprost alone dose-dependently increased the lev-
els of a �-arrestin1-Src complex as indicated by immunopre-
cipitation with antibodies to Src and �-arrestin1, respectively.
The data also indicate that butaprost treatment did not in-
crease the levels of total Src or �-arrestin1. Thus, the data
indicate that butaprost stimulation of EP2 leads to the in-
creased formation of a �-arrestin1-Src complex in mouse
skin.
To determine whether the �-arrestin1-Src complex con-

tributed to Src activation in butaprost-treated mouse skin,
butaprost-induced activation of Src in WT and �-arrestin1-
deficient mice was compared. The data in Fig. 4C show that a
single butaprost treatment induced time-dependent activa-
tion of Src in WT mouse skin but that Src activation was sig-
nificantly decreased in �-arrestin1�/� mice. Furthermore, the
data in Fig. 4C indicate that p-EGFR, which is activated by Src
(Fig. 2C), was also decreased in butaprost-treated �-arres-
tin1�/� mouse skin. The data, as expected, also show that
�-arrestin1 could be immunoprecipitated by an antibody to
Src fromWT but not from �-arrestin1�/� mouse skin.
Butaprost-induced activation of ERK1/2, Akt, and STAT3
was also significantly decreased in �-arrestin1�/� mice
when compared with WT mice (Fig. 4D). Furthermore,
butaprost-induced keratinocyte replication as measured by
BrdU incorporation was decreased by about 40% in �-ar-
restin1�/� mouse skin when compared with WT mouse
skin (Fig. 4E), indicating that �-arrestin1-mediated signal-

FIGURE 2. Butaprost induced Src and EGFR activation. A, butaprost dose-
dependently induced phosphorylation of Src and EGFR. Mice were treated
with butaprost (50 or 100 nmol) and sacrificed at 2 h after treatment. *, p �
0.05 versus vehicle-treated mice. IP, immunoprecipitation; WB, Western blot.
B, butaprost (100 nmol) induced phosphorylation of Src and EGFR in a time-
dependent manner. C, AG1478 and PP2 decreased EGFR phosphorylation.
The dorsal skin was treated with PP2 (100 nmol) or AG1478 (100 nmol) for
30 min before butaprost (100 nmol) treatment, and skin sections were iso-
lated 2 h later. *, p � 0.05 versus butaprost-treated mice. In A–C, Src and
EGFR were immunoprecipitated from skin lysates (200 �g) by an anti-Src or
an anti-EGFR antibody. p-Src and p-EGFR were detected by Western blot
analysis by using a monoclonal anti-p-Tyr antibody. The data are represen-
tative of two independent experiments. In A and B, skin lysates (50 �g) were
immunoblotted for p-Src (Tyr416). In A–C, the intensities of the bands were
determined by densitometry as described in the legend for Fig. 1. In A and
C, the relative intensities are presented as mean value � S.D. (n � 3) from
two independent experiments.
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ing contributes to keratinocyte replication. Thus, the data
indicate that a �-arrestin1-Src complex contributes to ke-
ratinocyte replication and that Src-EGFR-activated signal-
ing pathways are involved.
Butaprost Increased PKA Activation via a �-Arrestin1-inde-

pendent Pathway—Because our previous study indicated that
EP2 stimulation caused increases in cAMP levels and PKA
activation in TPA-EP2 agonist-treated mouse papillomas (13),
studies were conducted to determine whether butaprost
treatment alone could increase cAMP levels and PKA activa-
tion in mouse skin. The data in Fig. 5A show that cAMP levels
were dose-dependently increased 1.6- and 2.2-fold at 2 h
after butaprost treatment. To determine whether PKA acti-
vation was also increased by a single treatment with butap-
rost, PKA activity was measured using antibodies that rec-

ognize PKA-phosphorylated proteins that contained the
threonine and serine motifs, RXXT and RRXS (26, 38), and
the PKA-phosphorylated effectors, p-GSK3� and p-CREB.
The data in Fig. 5B show that butaprost induced dose-de-
pendent increases in the levels of PKA-phosphorylated
proteins and the effectors, p-GSK3� and p-CREB. Fig. 5C
shows that butaprost induced time-dependent increases in
p-GSK3� and p-CREB formation. To confirm that the for-
mation of the phosphorylated PKA substrates, p-GSK3�
and p-CREB, was due to PKA, the PKA inhibitor, H89, was
shown to decrease their phosphorylation (Fig. 5D). The
data in Fig. 5E also show that H89 significantly inhibited
butaprost-induced phosphorylation of ERK1/2, but not
Akt, whereas EGFR inhibition reduced the activation of
both ERK1/2 and Akt (Fig. 3C).

FIGURE 3. Butaprost induced ERK1/2, Akt, and STAT3 phosphorylation. A, butaprost induced dose-dependent phosphorylation of ERK1/2, Akt, and
STAT3. Mice were treated with butaprost (50 or 100 nmol) and sacrificed 2 h after treatment. B, butaprost (100 nmol) induced phosphorylation of ERK1/2,
Akt, and STAT3 in a time-dependent manner. C, the Src and EGFR inhibitors suppressed butaprost-induced phosphorylation of ERK1/2, Akt, and STAT3. Mice
were pretreated with PP2 (100 nmol) or AG1478 (100 nmol) for 30 min and then treated with 100 nmol of butaprost for 2 h. D, the EGFR inhibitor, gefitinib,
suppressed butaprost-induced phosphorylation of EGFR, ERK1/2, Akt, and STAT3. Mice were pretreated with gefitinib (67 nmol) for 30 min and then treated
with 100 nmol of butaprost for 2 h. EGFR was immunoprecipitated (IP) from skin lysates, and p-EGFR was determined by Western blot (WB) analysis by using
a monoclonal anti-p-Tyr antibody. In A–D, the phosphorylation status was determined by Western blot analysis using antibodies against indicated proteins.
The densitometry data are representative of two independent experiments. In A, C, and D, each lane represents an individual mouse. The number above
each lane shows the mean -fold intensity from two mice.
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To determine whether PKAwas involved in Src or EGFR acti-
vation, the effects of H89 and another PKA inhibitor, RP-cAMPS,
on Src-EGFR activation were determined. The data in Fig. 5E
show that H89 did not affect butaprost-induced phosphorylation
of Src or EGFR, indicating that their activation was not depen-
dent on PKA. The data in Fig. 5F also indicate that RP-cAMPS,
like H89 (Fig. 5D), significantly reduced butaprost-induced phos-
phorylation of CREB and ERK1/2 but did not affect butaprost-
induced phosphorylation of EGFR and the downstream effector
Akt. Thus, the data indicate that PKA activation was not a major
pathway contributing to the activation of EGFR.
Conversely, to determine whether the �-arrestin1/Src path-

way contributed to PKA activation, butaprost-induced activa-

tion of PKA, as measured by the levels of PKA-phosphory-
lated proteins and p-CREB formation, was compared in WT
and �-arrestin1�/� mice. The data in Fig. 5G show that the
levels of PKA-phosphorylated proteins and p-CREB were sim-
ilar in both butaprost-treated WT and butaprost-treated
�-arrestin1�/� mouse skin, indicating that the �-arrestin1
pathway does not contribute to the activation of PKA in
mouse skin. However, although PKA signaling does not con-
tribute to the activation of �-arrestin1-Src-EGFR and the
�-arrestin1 signaling does not contribute to the activation of
PKA in butaprost-treated mouse skin, there are downstream
effectors, such as ERK1/2, which are activated via both
pathways.

FIGURE 4. Butaprost induced �-arrestin1-Src complex formation. A, butaprost increased �-arrestin1-Src complex formation. Mice were sacrificed at 2 h
after 50 or 100 nmol of butaprost treatment. Skin lysates (200 �g) were immunoprecipitated (IP; non-IP, not immunoprecipitated) with a monoclonal anti-
Src antibody, and �-arrestin1 and Src were detected by Western blotting. B, butaprost increased the formation of a �-arrestin1-Src complex. Skin lysates
(200 �g) were immunoprecipitated with a polyclonal anti-�-arrestin1 antibody and subjected to Western blot analysis using a monoclonal Src antibody. In
A and B, nonspecific IgG light chain served as a control for protein loading and membrane transfer. The number above each lane shows the relative intensi-
ties of the bands to IgG light chain. C, butaprost induced phosphorylation of Src and EGFR and increased the �-arrestin1-Src complex in WT but not in �-ar-
restin1�/� mice. WT and �-arrestin1�/� mice were treated for the indicated times with 100 nmol of butaprost. Src and EGFR were immunoprecipitated
from protein lysates (200 �g) and subjected to Western blot (WB) analysis using an anti-p-Tyr or an anti-�-arrestin1 antibody. D, butaprost induced phos-
phorylation of ERK1/2, Akt, and STAT3 in WT but not in �-arrestin1�/� mice. WT and �-arrestin1�/� mice were treated for the indicated times with 100
nmol of butaprost. Skin lysates were immunoblotted with the indicated antibodies. In C and D, the number above each lane shows the mean-fold intensity
as determined by densitometry. In A–D, the data presented are representative of two independent experiments. E, �-arrestin1 deficiency suppressed
butaprost-induced keratinocyte proliferation. WT and �-arrestin1�/� mice were pretreated topically with acetone or 100 nmol of butaprost and sacrificed
24 h following butaprost treatment. *, p � 0.05 versus mice treated with acetone alone. **, p � 0.05 versus butaprost-treated WT mice. BrdU-stained cells
were counted in five skin sections from each of five mice. Data are expressed as the mean � S.D. (n � 5) of the number of stained cells per 100 basal cells in
each group.
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DISCUSSION

In the present study, we report that butaprost-induced
stimulation of the PGE2 receptor, EP2, in mouse skin activates
�-arrestin1-dependent signaling pathways. We previously
reported that TPA-EP2 ligand treatment of mouse skin papil-
lomas caused the formation of an EP2-�-arrestin1-Src com-
plex, but because of the approach used, we were unable to
show that the complex activated signaling pathways (13). In
the present study, we demonstrate that butaprost alone in-
duced �-arrestin1-Src complex formation, and by comparing
WT and �-arrestin1�/� mice, we show that �-arrestin1 con-
tributed to Src activation and the subsequent transactivation
of EGFR. EGFR then activated the downstream effectors,
ERK1/2, Akt, and STAT3. We also demonstrate that butap-
rost stimulation of EP2 led to the activation of PKA and the
downstream effectors, GSK3� and CREB. Furthermore, our
results indicate that the butaprost-induced �-arrestin1 and
PKA pathways are independent, although some downstream
effectors such as ERK1/2 are activated in both pathways. In
addition, the data obtained using inhibitors of EGFR and PKA
indicate that both �-arrestin1-dependent activation of EGFR
and G protein-dependent activation of PKA play key roles in
mouse skin keratinocyte replication.
The present findings in combination with our previous

findings (13) indicate that agonist-induced stimulation of EP2
resulted in the formation of a complex involving EP2, �-arres-
tin1, and Src. Furthermore, the decreased activation of Src
and EGFR in butaprost-treated �-arrestin1�/� mice (Fig. 4C)
indicated that the EP2-�-arrestin1 complex contributed to
their activation, and Src and EGFR inhibitors indicated that
activated Src contributed to the transactivation of EGFR (Fig.
2C). Although several GPCRs have been shown to signal via
�-arrestin-dependent pathways (16, 17, 39, 40), EP4 is the
only PGE2 receptor that has been reported to form a complex
with �-arrestin that leads to the activation of signaling path-
ways. PGE2-stimulated EP4 has been reported to form a com-
plex with �-arrestin1 that leads to Src activation (23, 24) and
the transactivation of EGFR (24). However, EP2-�-arrestin-
mediated signaling has not been previously reported. In fact,
PGE2 stimulation of EP2 was reported not to cause �-arres-
tin-mediated internalization of EP2, whereas PGE2-stimulated
EP4 was rapidly internalized (21, 22). In contrast, we recently
reported that ligand-stimulated EP2 can form an EP2-�-arres-
tin1-Src complex in mouse skin (13), and the results from that
study combined with the data reported herein demonstrate

that the EP2-�-arrestin1-Src complex leads to G protein-in-
dependent, �-arrestin1-dependent signaling and enhanced
keratinocyte proliferation.
Early reports concluded that the formation of a GPCR-�-

arrestin complex was a mechanism for uncoupling GPCR-
mediated G protein signaling and down-regulating the GPCR
(14, 15); however, more recent studies have indicated that the
GPCR-�-arrestin complex actually contributes to GPCR-me-
diated signaling (17, 18). This G protein-independent signal-
ing is due to the ability of the �-arrestins to function as scaf-
folds for the binding and activation of signaling effectors such
as: Src, Ras, ERK1/2, and other members of the MAPK family
(18). Moreover, the ability of �-arrestins to bind and activate
Src thereby provides the GPCRs with mechanisms to cross-
talk with effectors/receptors that are activated by tyrosine
phosphorylation. In addition, although GPCR-mediated G
protein signaling is transient, GPCR-�-arrestin-mediated sig-
naling can be protracted (41). Indeed, the levels of p-EGFR,
p-Src, and p-ERK1/2 were elevated in WT mice when com-
pared with �-arrestin1�/� mice and remained elevated for 8 h
following a single butaprost treatment (Fig. 4C). The elevated
levels of the EP2-�-arrestin1-Src complex observed in skin
tumors combined with protracted �-arrestin-dependent sig-
naling could give tumor cells a growth advantage when com-
pared with surrounding normal cells.
The activation of Src, a non-receptor tyrosine kinase, fol-

lowing ligand-stimulated GPCR interaction with �-arrestin
has been reported by several investigators (17, 37). Activated
Src itself is known to modulate a variety of cellular functions
including proliferation, survival, adhesion, and migration, and
Src overexpression has been observed in a number of tumor
types, including skin tumors (42). In the present study, we
observed that Src was activated following butaprost stimula-
tion of EP2 via a �-arrestin1-mediated mechanism. The
mechanisms by which the GPCR-�-arrestin complex led to
Src activation are unclear, but we observed that Src was phos-
phorylated at a site required for its activation, Tyr416 (32), in
skin (Fig. 2, A and B) and in papillomas (13).
Previous studies demonstrated that activated Src can trans-

activate EGFR (43–45). In the present study, we demon-
strated that EP2 activated EGFR by a Src-dependent mecha-
nism and previously reported that the Src-specific activation
site on EGFR (Tyr845) was phosphorylated (13). However, in
addition to the direct activation of EGFR by Src, recent stud-
ies have demonstrated that Src can activate matrix metallo-

FIGURE 5. Butaprost activated the cAMP/PKA pathway. A, butaprost induced cAMP production. Mice were treated with butaprost (50 or 100 nmol) for
2 h, and tissue lysates (100 �g protein) were assayed for cAMP levels as described under “Experimental Procedures.” Values are means � S.D. (n � 5). *, p �
0.05 versus vehicle-treated mice. B, butaprost induced dose-dependent phosphorylation of PKA substrates, GSK3�, and CREB. Mice were sacrificed at 2 h
after 50 or 100 nmol of butaprost treatment. C, butaprost (100 nmol) induced time-dependent phosphorylation of GSK3� and CREB. D, H89 dose-depen-
dently decreased PKA activity. Mice were treated with H89 (100 or 500 nmol) for 30 min before butaprost (100 nmol) treatment, and skin sections were iso-
lated 2 h later. E, H89 suppressed butaprost-induced phosphorylation of ERK1/2 but not Akt, EGFR, or Src. Mice were pretreated with H89 (500 nmol) for 30
min and then treated with 100 nmol of butaprost for 2 h. Skin lysates were immunoprecipitated (IP) with an anti-EGFR or an anti-Src antibody and immuno-
blotted (WB) with an anti-p-Tyr antibody. Total EGFR and Src served as controls for protein loading and membrane transfer. F, the PKA inhibitor, RP-cAMPS,
suppressed butaprost-induced phosphorylation of CREB and ERK1/2 but not Akt or EGFR. Mice were pretreated with RP-cAMPS (12 nmol) for 30 min and
then treated with 100 nmol of butaprost for 2 h. Skin lysates were immunoprecipitated with an anti-EGFR antibody and immunoblotted with an anti-p-Tyr
antibody. G, butaprost induced phosphorylation of PKA substrates and CREB in both WT and �-arrestin1�/� mice. WT and �-arrestin1�/� mice were treated
for the indicated times with 100 nmol of butaprost. In B–G, skin lysates (80 �g) were immunoblotted with the indicated antibodies. The number above
each lane shows the relative intensities of the bands as described in the legend for Fig. 1. The data are representative of two independent experiments. In
B, E, and F, each lane represents an individual mouse. The number above each lane shows the mean -fold intensities for two mice.
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proteinases, causing the release of EGFR ligands such as hepa-
rin binding EGF (39, 46). Heparin binding EGF then binds to
EGFR, causing EGFR dimerization and autophosphorylation
(46). Although our data indicated that direct activation of
EGFR by activated Src occurred (13), the data did not rule out
the possibility that ligand activation of EGFR also occurred.
EGFR is a receptor tyrosine kinase that is known to have a
role in keratinocyte proliferation as well as in skin tumor for-
mation (13, 47). Indeed, we reported previously (13) and
herein that inhibition of EGFR reduced mouse skin papilloma
formation and keratinocyte replication, respectively.
EGFR is a multifunctional tyrosine kinase receptor with the

ability to active multiple effectors and downstream signaling
pathways (48, 49). In the current study, we observed that EP2
agonist-mediated transactivation of EGFR resulted in the acti-
vation of the downstream signaling effectors: ERK1/2, Akt,
and STAT3. ERK1/2 and Akt are known to be activated in
cultured cells by PGE2 (20, 48, 50) and to play important roles
in cell proliferation and skin tumor formation (33, 36). Several
reports indicated that PGE2-stimulated ERK1/2 and Akt acti-
vation were mediated by both activated EGFR and activated
PKA (20, 48, 51) and that both effectors contributed to kerati-
nocyte replication and survival (33, 35). However, in the pres-
ent studies, Akt activation was suppressed by EGFR inhibition
but not by inhibition of PKA (Figs. 3, C and D, and 5, E and F).
Thus, Akt was activated primarily via the EGFR pathway. On
the other hand, butaprost-induced ERK1/2 activation was
decreased by inhibition of both EGFR and PKA, indicating
that ERK1/2 activation occurred via both the PKA and the
EGFR pathways.
STAT3 is a transcription factor that modulates various

physiological functions (34), and recent studies have shown
that STAT3 plays critical roles in keratinocyte proliferation
and mouse skin tumor formation (52, 53). The primary mech-
anisms for the activation of STAT3 in keratinocytes are via
activated EGFR (53) or Src (54). In agreement with previous
studies, we found that butaprost induced STAT3 phosphory-
lation and that STAT3 activation was diminished by inhibition
of EGFR or Src (Fig. 3C). These results provide evidence that
the EP2-mediated activation of Src-EGFR contributes to the
activation of STAT3 in the mouse epidermis.
In addition to the �-arrestin-mediated pathways described

above, various in vitro studies had shown that EP2 stimulation
caused increases in intracellular cAMP formation and activa-
tion of PKA (6, 7, 20). Activated PKA has been shown to
phosphorylate GSK3�, thereby preventing GSK3� from phos-
phorylating �-catenin and allowing �-catenin-Tcf-dependent
transcription to occur (7). PKA also stimulates the phosphor-
ylation of CREB, which is known to play an important role in
cell proliferation (6, 7). In our studies, we observed that EP2-
mediated PKA activation led to increases in the levels of p-
GSK3�, p-ERK1/2, and p-CREB and that their activation was
decreased by PKA inhibition. However, PKA inhibition did
not affect EGFR phosphorylation (Fig. 5, E and F), suggesting
that PKA was not involved in EP2-mediated activation of
EGFR. Thus, the combined data suggest that both the PKA
and the EGFR pathways contribute to epidermal cell replica-

tion but that the pathways are independent when activated via
EP2.
In summary, the results show that the PGE2 receptor, EP2,

activates both �-arrestin1-dependent and G protein-depen-
dent pathways that contribute to keratinocyte proliferation
and papilloma formation in mouse skin. Fig. 6 illustrates a
proposed scheme of the signaling pathways activated by EP2
in mouse skin. Stimulation of EP2 receptor activates PKA and
its downstream effectors, GSK3�, CREB, and ERK1/2, via a G
protein-dependent mechanism. In addition, EP2 also activates
EGFR and its downstream effectors, ERK1/2, Akt, and
STAT3, via a G protein-independent mechanism that re-
quires �-arrestin1. Thus, the data indicate that EP2 induced
keratinocyte proliferation via signaling pathways involving
�-arrestin1-dependent activation of EGFR and the classical G
protein-dependent activation of PKA.
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